INTRODUCTION
The ability to isolate thin membranes of narrowgap antimonide semiconductor layers could have significance in the areas of mid-to long-wave infrared detectors, lasers, and thermophotovoltaics; 1, 2 For instance, in the case of infrared (IR) focal-plane array (FPA) detectors, removal of the GaSb substrate is crucial, as GaSb has a high optical absorption coefficient and a large thermal mismatch in comparison with the Si-based readout integrated circuit. 1 However, isolation of III-Sb epilayers from GaSb substrates is not a trivial process, since existing wet etchant solutions for III-Sb-based materials have very low selectivities. 3 The GaSb substrate is typically mechanically polished and then etched with a CrO 3 :HF:H 2 O solution that has selectivity of 100:1 between GaSb and an InAs etch-stop layer. 2 The etch-stop layer can be removed with a C 6 H 8 O 7 :H 2 O 2 solution with maximum selectivity of 127. 4 More recently, selectivities of up to 475 were reported for dry plasma etching of GaSb over InAs/GaSb superlattice etch-stop layers. 5 Nonetheless, these selectivities for III-Sb compound semiconductors are still low when compared with the very high selectivity of hydrofluoric acid for AlAs over GaAs. 6 Recently, there has been significant interest in growing III-Sb devices on GaAs substrates. [7] [8] [9] [10] GaAs substrates are an attractive alternative to GaSb substrates on account of their semi-insulating nature, lower optical absorption coefficient, relatively lower cost, and ability to scale up to large wafer sizes. 10 The mismatched growth of GaSb epilayers on GaAs substrates results in a significant threading dislocation density in the GaSb epitaxial layer along with very high interfacial strain due to the 7.78% (Da/ a sub ) lattice mismatch between the two binary semiconductors. However, growth of GaSb epilayers with 100% relaxation and reduced threading dislocation density has been demonstrated by inducing arrays of 90°interfacial misfit dislocations (IMF) at the GaSb/ GaAs interface. 11 The residual threading dislocation density in the GaSb epilayer is in the range of 10 7 defects/cm 2 DeSalvo et al. showed that citric acid solution etches GaAs more rapidly than GaSb, with selectivity at 349. 4 To our knowledge, this is the only publication reporting on the selectivity of an etchant for GaAs compared with GaSb, and there are no published results reporting on the etch rates for GaSb using NH 4 OH:H 2 O 2 . Furthermore, the quality of the etched GaSb surface was not investigated in these prior publications.
In this paper, we investigate the possibility of using the most common GaAs etchants for isolation of III-Sb epilayers grown directly on GaAs substrates without an etch-stop layer. First, we studied the etch rates of NH 4 OH:H 2 O 2 and C 6 H 8 O 7 :H 2 O 2 for GaAs and GaSb to determine the etch contrast between GaAs and GaSb for each solution. Once the selectivity of the two etchants was established, their effectiveness for removing the substrate and isolating the GaSb membranes was tested and characterized with high-resolution x-ray diffraction (HR-XRD) and atomic force microscopy (AFM).
EXPERIMENTAL PROCEDURES
To establish the etch rates of GaAs and GaSb using C 6 H 8 O 7 :H 2 O 2 and NH 4 OH:H 2 O 2 solutions, (100)-oriented GaAs and GaSb substrates were used. Prior to the etching experiments, the substrates were patterned using AZ4330 photoresist, cleaved into 5 mm 9 7 mm rectangles, and mounted on a glass slide. C 6 H 8 O 7 :H 2 O 2 etchant solution was prepared with a volume ratio of 10:1 according to the recipe in DeSalvo's publication.
4 NH 4 OH:-H 2 O 2 etch solution was prepared with a volume ratio of 1:33. 13 GaAs substrates were etched for 1 min, 5 min, 10 min, 15 min, and 30 min, while GaSb substrates were etched for 1 min, 15 min, 30 min, 60 min, and 120 min on account of the slower anticipated etch rates of GaSb compared with GaAs. The etches were initially performed with both a stirring magnet and a jet etcher. The stirring magnet approach resulted in a residual capping layer, while the jet etching process gave clean, residue-free surface and edges. Thus, all etches in this study were performed using a jet etcher. It must be noted that the use of a stirring magnet versus a jet etcher under very similar etch conditions could result in very different etch rates. Upon performing the etch for a specific duration, the samples were thoroughly rinsed with deionized (DI) water and dried with N 2 . The remaining photoresist was then removed with acetone. A stylus profilometer with uncertainty of 1 nm was used to measure the etch depths of the samples. Finally, scanning electron microscopy (SEM) was used to characterize the etch profiles.
To investigate the effectiveness of the two etchants for isolation of GaSb membranes, 2-lm GaSb layers were metamorphically grown on GaAs substrates using the previously described technique of forming interfacial misfit dislocation arrays.
11
The grown samples were cleaved into 1 cm 9 1 cm squares, chemically cleaned, and bonded to a glass slide with epitaxial side down. The GaAs substrates were etched with NH 4 OH:H 2 O 2 and C 6 H 8 O 7 :H 2 O 2 using a jet etcher. The crystal quality and surface morphology of the GaSb membranes before and after the substrate removal process were characterized with high-resolution x-ray diffraction (HR-XRD) and atomic force microscopy (AFM). The root-mean-square (RMS) surface roughness of the samples was estimated on areas of 3 lm 9 3 lm. Eight AFM scans were done for each sample. Figure 1 shows plots of average etch depth versus etch time for both etchant solutions. The error bars in the graphs represent the standard deviation from the mean etch depth. The calculated etch rates from these measurements are summarized in Table I Figure 2 shows SEM images comparing the etch profiles of GaAs and GaSb. Figure 2a and The above results provide an excellent estimate for the behavior of the etchants in substrate removal and isolation of GaSb grown on GaAs. Both etchant solutions successfully achieved removal of the GaAs substrate and subsequent isolation of the GaSb membranes without the need for an etch-stop layer, as the significant difference in the etch rate of GaSb and GaAs is sufficient to etch the substrate with minimal damage to the GaSb epitaxial layer. Figure 3 shows xÀ2h HR-XRD results from symmetric scans. Figure 3a shows the diffraction spectrum before the etch process, including the GaSb epilayer peak and the GaAs substrate peak. The presence of two distinct peaks with the absence of a pseudomorphic growth region is very typical of metamorphic layers grown using interfacial misfit dislocation arrays.
RESULTS AND DISCUSSION
14 The full-width at half-maximum (FWHM) of the GaSb peak is 250 ± 8 arcsec, indicating good crystal quality. After symmetric and asymmetric XRD scans, calculations show that the GaSb epilayer is almost 100% relaxed. After the etch process, the substrate peaks no longer appear in the diffraction spectrum, indicating its successful removal. The remaining GaSb epilayer peak after removing the GaAs substrate with C 6 H 8 O 7 :H 2 O 2 has FWHM of 270 ± 10 arcsec, and the one remaining after using NH 4 OH:H 2 O 2 has FWHM of 290 ± 10 arcsec. Figure 4 shows AFM micrographs of GaSb membranes before and after isolation. The GaSb epitaxial layer metamorphically grown on GaAs exhibits an RMS surface roughness value of 1.5 ± 0.4 nm. The surface roughness of the GaSb film isolated by etching the substrate with C 6 H 8 O 7 :H 2 O 2 has an RMS value of 2.6 ± 0.8 nm and that isolated by using NH 4 OH:H 2 O 2 has 0.9 ± 0.2 nm.
CONCLUSIONS
It has been shown that the ammonium hydroxide base etchant has a greater etch rate differential for the GaSb/GaAs material system than the citric acid base etchant. The selectivity of NH 4 OH:H 2 O 2 for GaAs/GaSb ranges from 300 ± 200 to 11,000 ± 2000, whereas that of C 6 H 8 O 7 :H 2 O 2 ranges from 12 ± 5 to 143 ± 2. The selectivity of the etchant solutions increased with time, as the etch rates seem to be strongly dependent on etch time. Despite the difference in selectivity, in the second part of the experiment, successful isolation of 2-lm-thick GaSb epilayers was demonstrated by etching away the substrate with either etchant without the need for an etch-stop layer. The combination of this highly selective etch process and the interfacial misfit dislocation growth technique offers an alternative for III-Sb-based optoelectronic devices, which often need thinning or complete removal of GaSb substrates to improve their performance. 
